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Abstract
Epileptic seizures are traditionally characterized as the ultimate expression of monolithic,
hypersynchronous neuronal activity arising from unbalanced runaway excitation. Here we report
the first examination of spike train patterns in large ensembles of single neurons during seizures in
persons with epilepsy. Contrary to the traditional view, neuronal spiking activity during seizure
initiation and spread was highly heterogeneous, not hypersynchronous, suggesting complex
interactions among different neuronal groups even at the spatial scale of small cortical patches. In
contrast to earlier stages, seizure termination is a nearly homogenous phenomenon followed by an
almost complete cessation of spiking across recorded neuronal ensembles. Notably, even neurons
outside the region of seizure onset showed significant changes in activity minutes before the
seizure. These findings suggest a revision of current thinking about seizure mechanisms and point
to the possibility of seizure prevention based on spiking activity in neocortical neurons.
Seizures and epilepsy have been recognized since antiquity, yet we continue to struggle to
define and understand these paroxysms of neuronal activity. Epileptic seizures are
commonly considered to be the result of monolithic, hypersynchronous activity arising from
an imbalance between excitation and inhibition in large populations of cortical neurons1–3.
This view of ictal activity is highly simplified, and the level at which it breaks down is
unclear. It is largely based on electroencephalogram (EEG) recordings, which reflect the
averaged activity of millions of neurons. Whereas some in vitro studies have shown that
sparse and asynchronous neuronal activity evolves into a single hypersynchronous cluster
with elevated spiking rates at seizure initiation4,5, as the canonical view would suggest,
other animal model studies have supported a much less homogeneous progression in
neuronal activity during seizures6–8. How well these animal models capture mechanisms
operating in human epilepsy remains an open question9,10. Very few human studies have
gone beyond macroscopic scalp and intracranial EEG signals to examine neuronal spiking
underlying seizures11–14. Hence the behavior of single neurons in human epilepsy remains
largely unknown.
The reliance on the macroscopic information of the EEG has also dominated attempts at
discovering physiological changes preceding the seizure. The obvious goal of this approach
is in predicting and then preventing seizures15,16. While in vitro and in vivo animal models
suggest that different neuronal populations might have distinct roles during a preictal
period4–8,17–21, reliable seizure prediction based on detection of preictal changes in human
scalp and intracranial EEG has remained elusive16. In addition, most seizures end abruptly
and spontaneously, followed by a post-seizure attenuation in EEG activity22. The underlying
mechanisms governing this behavior are also not understood. Various potential mechanisms,
including among others, glutamate depletion, profound inhibition, modulatory effects from
subcortical structures and depolarization block, have been hypothesized to underlie seizure
termination22,23. Although these mechanisms clearly operate at the level of individual cells,
to our knowledge, single-unit activity during this period has not been examined in humans.
Such information could be useful in developing better strategies for seizure control and
preventing status epilepticus24.
A deeper understanding of neuronal spiking during the different phases of seizure generation
would have profound implications for seizure prediction and may provide the basis for new
and more effective therapies for people with epilepsy25. Here we studied the spiking activity
of hundreds of neurons in four persons with focal epilepsy. We found significant changes in
preictal activity in subsets of neurons. During seizure initiation and spread, we observed a
high degree of heterogeneity in spiking activity. This heterogeneity did not seem to result
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purely from differences between interneurons and pyramidal cells; heterogeneity was
present even within a class. Spiking evolved into a more homogeneous activity across the
recorded neuronal ensemble toward seizure termination, during which we observed an
almost complete cessation of spiking across the recorded cortical patch. Further, in our data,
depolarization block did not seem to have a primary local role during the end of the seizure.
RESULTS
We used specialized 96-channel microelectrode arrays26–31 to record single-unit spiking
activity and local field potentials from a 4 mm × 4 mm region of neocortex in four patients
with epilepsy refractory to medical treatments. These patients were implanted with subdural
grid electrodes to evaluate their cortical EEG activity (electrocor-ticogram; ECoG) and help
localize the onset zone of their seizures for subsequent surgical resection. For research
purposes, the micro-electrode arrays were placed in addition to the grids (Fig. 1). We
identified a total of 712 single-unit recordings in four participants (A, B, C and D). Single
units were sorted using standard techniques (Online Methods). Although we recorded
continuously over several days, the consistent sorting of single units over time periods
longer than a few hours proved challenging. Over such long periods, waveforms of
extracellularly recorded action potentials could change and units appear or disappear from
recordings, owing perhaps to array micromotion, changes in brain states and other factors32.
For this reason, for each analyzed session we identified for study those single units that were
consistently recorded during a time period of ∼2 h centered at the onset of each of eight
seizures (see Online Methods). Microelectrode arrays in participants A (three seizures; n =
149, 131 and 131 single units recorded), B (two seizures; n = 57 in each) and D (n = 35 in
one seizure) were placed in the middle temporal gyrus ∼2 cm from the anterior tip. The
microelectrode array in participant C (two seizures; n = 82 and 70) was placed in the middle
frontal gyrus. Microelectrode arrays were positioned both within (participant C) and outside
(∼2–4 cm away; participants A, B and D) the seizure onset zone as subsequently defined by
the ECoG-electrode locations at which the seizure first appeared (see Online Methods).
Heterogeneous neuronal spiking activity during seizures
Visual inspection of neuronal spike rasters revealed a variety of spiking patterns during
seizure initiation, spread and maintenance (Fig. 1c; see also Supplementary Fig. 1 and
Supplementary Movie 1 showing spiking rates on the microelectrode array). For example,
whereas some neurons increased their spiking rates near the seizure onset, others decreased.
These transient spiking rate modulations occurred at different times for different groups of
neurons. The Fano factor (variance divided by the mean) of the single neuron spike counts
across the population at a given time during the seizure (1-s time bins), which gives an index
of spiking heterogeneity in the ensemble, increased substantially after the seizure onset—in
some seizures by fivefold (Fig. 1d).
This diversity of neuronal modulation patterns was observed to a greater or lesser extent in
all seizures and participants studied (Supplementary Figs. 1–4). Such heterogeneity in
spiking rate modulation patterns directly challenges the canonical characterization of
epileptic seizures as a simple, widespread and homogeneous runaway excitation leading to a
hypersynchronized state. Heterogeneity was present regardless of whether the seizure
initiated near (participant C) or far from (the other three participants) the location of the
microelectrode array. The admixture of different spiking patterns suggests that heterogeneity
is not purely propagation driven but must also reflect local network properties. As based on
the Fano factor, this heterogeneity was higher during seizure initiation and decreased toward
seizure termination (Fig. 1d and Supplementary Fig. 1).
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Seizure termination and suppression of neuronal spiking
In contrast to the beginning of the seizure, seizure termination in participants A, B and C
involved widespread, complete cessation of activity for most recorded neurons (Fig. 1c and
Supplementary Figs. 1,3). Spiking activity remained suppressed for several seconds (ranging
from 5 to 30 s) after seizure termination, until more normal spiking rates gradually returned.
Decreases in spiking activity (particularly during either initial or final stages of the seizure)
were not due to sorting artifacts such as spike dropout because of obvious alterations in
spike waveform. Changes in spike waveforms can be induced by, for example, intense
bursting activity. In contrast, Figure 2a,b shows several examples of units that almost
completely ceased spiking for 20–30 s after seizure onset, yet did not present any obvious
changes in waveform shape and amplitude that would result in spike dropout. Furthermore,
toward the end of the seizure, the same units increased substantially their spiking rates,
showing that we were still able to detect their spiking even at much higher spiking rates.
Notably, it also seems that the suppression of these units’ spiking either during seizure
maintenance or at the end of the seizure was not due to a typical depolarization block
scenario18,19,23 where neuronal spike amplitudes decrease gradually until they cannot be
detected or spiking is blocked. For example, the examination of the high-pass-filtered
potentials (Fig. 2c,d) shows that unit 44–1 stopped spiking at a point where peak-to-peak
waveform amplitudes were about 300 μV, whereas the threshold for spike detection was set
at around −30 μV. (Examples for other neurons are shown in Supplementary Fig. 2).
Reproducibility of spike patterns in consecutive seizures
In participants A and B, two consecutive seizures occurred within a period of about an hour.
In these cases, we were able to ensure that the same units were recorded and consistently
identified during both seizures (see Online Methods). This permitted us to examine the
reproducibility of neuronal spiking patterns across seizures. For instance, even though the
third seizure in participant A lasted slightly longer than the second, the same motifs in the
neuronal spiking patterns recurred (Fig. 3). The Pearson correlation coefficient (a measure
of similarity) between two spike trains during the initial 30 s of each seizure, for each
neuron and averaged across the population, was 0.82. Similar observation was also made for
the two consecutive seizures in participant B, with an average correlation coefficient of 0.72
(Supplementary Fig. 3), suggesting a high degree of similarity in both seizures. The
probability that these correlation coefficients were statistically zero was extremely small (P
< 10−6; see Online Methods).
We also examined how the similarity between the two ictal events compared to the
similarity of random interictal segments preceding the two corresponding consecutive
seizures. A random resampling approach using interictal spike rasters each lasting 30 s
resulted in significantly smaller correlation coefficients; that is, coefficients whose 95%
confidence intervals (mean ± 2 s.d.) corresponded to 0.45 ± 0.14 and 0.16 ± 0.25 for
participants A and B, respectively. Despite general similarities across seizures, there were
also notable differences in the fraction of active neurons in the population. For example,
whereas these fraction increased after a transient decrease at seizure onset in seizure 1
(participant A; Fig. 1d), throughout seizures 2 and 3 it remained lower than during the
preictal period (Supplementary Fig. 4).
Preictal and ictal changes in neuronal spiking activity
To characterize preictal and ictal changes in spiking rates, we represented a single neuron’s
spike train as a sample path33. A sample path consists of the cumulative number of neuronal
spikes as a function of time (Fig. 4a). The sample path representation allows us to preserve
information about transient changes in instantaneous spiking rates. We asked whether an
Truccolo et al. Page 4













observed sample path for a given neuron during the preictal or ictal periods deviated from
the collection of sample paths of same time length observed during a preceding interictal
period. In this way, we were able to detect transient increases or decreases in spiking rate
that were atypical with respect to the preceding interictal activity (Fig. 4b,c).
We found that substantial numbers of neurons significantly changed their activities as the
seizure approached. The percentage of neuronal recordings that showed a preictal deviation
varied from 20% (7/35, participant D) to 29.9% (123/411, participant A). The percentages of
neurons that showed preictal and/or ictal changes are specified separately for each
participant and seizure in Figure 5. Observed deviations consisted either of increases or
decreases in spiking rate. Across all participants and seizures (712 recordings), 11.8% of
recorded neurons increased their spiking rate during the preictal period, and 7.5% decreased.
In many cases the onset time for the deviation was earlier than 1 min before the seizure
onset time (Fig. 4c). This finding suggests that changes in neuronal spiking activity, even for
single neurons recorded well outside the identified epileptic focus, may be detected minutes
before the seizure onset defined by ECoG inspection. Several neurons in participants A
showed consistent sample path deviations across seizures 2 and 3, the two consecutive
seizures where the same single units were recorded (Supplementary Fig. 5).
The percentage of neuronal recordings that showed a sample path deviation during the ictal
period varied from 22.8% (8/35, participant D) to 97.4% (111/114, participant B). In line
with the heterogeneity observed in raster plots, several types of deviations were observed
during the seizure—all from single units recorded simultaneously from a small cortical
patch (encompassing different cortical columns). Across all participants and seizures, 45.4%
and 9.9% of the neuronal recordings increased and decreased, respectively, their spiking
rates during the seizure. Furthermore, a few neurons showed a transient increase (0.1%)
followed by a transient decrease in spiking rates, or vice-versa (1.3%). Overall, we found
fifteen different patterns of neuronal modulation when taking into consideration both
preictal and ictal patterns. (See Supplementary Table 1 for detailed percentages for each
participant and seizure.) In addition to these types of sample path deviations, a few neurons
in participant A also showed much slower and larger modulations in spiking rates that
preceded the seizure onset by tens of minutes (Supplementary Fig. 6) and were not
correlated with obvious behavioral or state changes.
Neurons that showed preictal and ictal modulation in spiking rates tended to have
statistically higher bursting rates during interictal periods (Kruskal-Wallis test, P < 0.01,
Tucker-Kramer correction for multiple comparisons; see Online Methods and
Supplementary Figs. 7 and 8). Furthermore, in participant A, the single units recorded could
be classified into putative interneurons and principal neurons according to spike half-width
and peak-to-valley time width features (see Online Methods and Supplementary Fig. 9;
waveforms from the other three participants formed a homogeneous cluster in each case).
On the basis of this classification, 79% (45/57) and 68% (240/354) of interneurons and
principal cells recordings, respectively, showed some type of preictal or ictal modulation. In
addition, the fraction of recorded interneurons that showed a preictal increase was 60%
larger than the corresponding fraction of principal neurons (χ2 test, P < 10−6, with
Bonferroni correction for multiple comparisons; see Supplementary Fig. 10).
Specificity of preictal changes in neuronal activity
The observed sample path deviations during the preictal period could simply reflect
spontaneous or evoked modulations of spiking activity unrelated to the upcoming seizure.
Therefore, we also examined how often such sample path deviations could occur during
interictal periods. This analysis also provides a preliminary assessment of the specificity of a
very simple seizure prediction algorithm that, for example, predicted a seizure every time an
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observed number of deviations across the recorded neuronal population exceeded a specified
threshold. Specifically, we estimated the probability of observing a given number
(percentage) of such sample path deviations across the neuronal population during interictal
periods. Three different interictal periods were used for participant A, two for participants B
and C, and one for participant D. A 3-min-long segment was then randomly selected from a
given interictal period and a corresponding (target) sample path was computed for each
neuron. Next, we checked whether each sample path deviated from its corresponding
distribution derived from paths of same length sampled from a 30-min interictal segment, as
done before in Figure 4. This 30-min segment was adjacent to but nonoverlapping with the
randomly selected target sample path. The entire procedure was repeated hundreds of times
to obtain a distribution of the percentage of deviations across the recorded neuronal
population during a given interictal period. Finally, a threshold was defined based on the
average number of preictal deviations across the examined seizures for a given participant.
(For example, the threshold for participant A was derived from the mean of the percentage
of neurons that showed a preictal deviation across the three seizures; Fig. 5.) Given this
threshold and a distribution of percentage of deviations, we could then compute the
probability that a given percentage of observed deviations across the population during an
interictal period was smaller than the specified threshold. As mentioned above, this
probability provides an estimate of the specificity of a seizure prediction algorithm based on
the defined sample path deviations.
With the exception of participant C, for whom interictal activity showed a very high rate of
epileptiform events consisting of slow neuronal bursting and ECoG spike and wave
discharges, promising specificity results (0.78–0.94) were obtained for participants A, B and
D (Supplementary Fig. 11). Despite these positive preliminary results, we emphasize that a
more conclusive assessment will require much larger data sets, to probe a larger range of
physiological and behavioral states, as well as corresponding sensitivity analyses.
DISCUSSION
Our findings, based on the most extensive description of single-unit activity in human
neocortical seizures yet reported, reveal several important and heterodox points about the
nature of epileptic activity. First, the observed heterogeneity in neuronal behavior argues
against homogeneous runaway excitation or widespread paroxysmal depolarization as the
primary mechanism underlying seizure initiation. Rather, our data indicate that seizures
result from a complex interplay among groups of neurons that present different types of
spiking behaviors evolving at multiple temporal and spatial scales. We have also observed
similar heterogeneity in interictal discharges31. Given the 1-mm microelectrode length, it is
likely we recorded from cells in layers 3 and 4. Several studies5,34,35 suggest that
epileptiform activity involves and is perhaps initiated by cells in layer 5. Although the
potential role of these cells needs to be further explored, they do not seem to be driving
homogenous activity. Furthermore, because of the nature of these recordings, we might not
have recorded from the initiation site in any of the participants (including participant C). As
a result, it is possible that a different form of neuronal dynamics would be observed at the
‘focus’. This is especially likely to be the case in a region of dysplasia in which the neurons
and their layering are severely abnormal.
Heterogeneity in neuronal spiking activity during seizures has been previously observed in
animal model studies6–8. In particular, it has been hypothesized7 that such heterogeneity
could reflect three main sequential stages or states during seizure spreading: ‘depressed’,
‘projected’ and ‘propagated’ states. The fact that the heterogeneity reported here in human
epilepsy appears simultaneously in small patches of neocortex would speak against this
hypothesis; or, alternatively, it would require that different groups of neurons entered and
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dwelled in different states with different time constants, perhaps owing to differences in
initial conditions or in intrinsic and local network dynamical properties. In addition, our
finding based on the classification of units into putative principal cells and interneurons,
namely that some putative pyramidal cells increased while other decreased their spiking
rates, suggests that such heterogeneity does not simply reflect interleaved spiking of
pyramidal cells and interneurons18,19. We also speculate that the observed heterogeneity in
the neuronal collective dynamics30 could result from fragmentation into multi-cluster
synchronization, which has been studied in various dynamical systems36. The fact that such
diverse spiking activity underlies seemingly ‘monomorphic’ EEG waveforms raises the
possibility that even normal cortical rhythms might also reflect very heterogeneous
underlying neuronal ensemble spiking.
Second, one of the noteworthy features of these data was the abrupt and widespread
suppression of neuronal action potentials at seizure end. In participant A, for example,
spiking of both putative interneu-rons and principal neurons became suppressed. Previous
work has suggested that seizures might self-terminate because of depolarization block
resulting from changes in ionic concentrations in the extra-cellular space. A depolarization
block of neuronal spikes due to a chain of events that ends with astrocytic release of large
amounts of potassium has been hypothesized23. However, several units became suppressed
at seizure termination without showing typical signatures of depolarization block (Fig. 2)—
an indication that depolarization block was not the primary local factor responsible for the
observed marked suppression in spiking activity. Furthermore, our results also argue against
massive inhibition from a local source because the suppression of neuronal spiking affected
both putative interneurons and other principal cells. Alternatively, distant modulatory inputs
involving subcortical structures—for example, thalamic nuclei or substantia nigra pars
reticulata22—could lead to seizure termination. There is also the possibility that this critical
transition could arise from an emergent property of the large-scale network itself leading to
spatially synchronous extinction37.
From a therapeutic perspective, our analysis demonstrates, for the first time in humans, that
preictal neuronal spiking reflects a distinct and widely occurring physiological state in focal
epilepsies. This is true even outside the region of seizure initiation, suggesting that it may be
possible to obtain predictive information from individual neuronal activity without
necessarily localizing what has been traditionally considered the seizure focus.
Substantiation of this possibility will require large data sets, perhaps only available through
multisite collaborative efforts, containing sufficient interictal data for proper specificity and
sensitivity analyses16. Promisingly, our data suggests that the clinical care of patients with
epilepsy could be revolutionized by using dynamics of ensembles of single neurons to
predict seizures.
METHODS
Methods and any associated references are available in the online version of the paper at
http://www.nature.com/natureneuroscience/.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Heterogeneous neuronal spiking patterns during seizure. (a) Locations of the microelectrode
array in participant A (red square), and subdural ECoG electrodes OccS2 and GR50 in
occipital and middle temporal cortices, respectively. (b) ECoG traces recorded at the
locations shown in a during seizure 1. The ECoG-based onset area was identified to be
under the occipital electrode OccS2. Seizure onset is at time 0. The local field potential
(LFP) recorded from a single channel in the microelectrode array and the corresponding
spectrogram (in dB) are shown below. (c) Neuronal spike raster plot including all recorded
neurons (n = 149). Each hash mark represents the occurrence of an action potential. Neurons
were ranked (vertical axis) in increasing order according of their mean spiking rate during
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the seizure. (This ranking number is unrelated to physical location.) Toward the end of the
seizure, activity across the population became more homogeneous until spiking was abruptly
interrupted at seizure termination. With the exception of a few neurons, spiking in the
recorded population remained suppressed for about 20 s. (d) The mean population rate, the
percentage of active neurons and the Fano factor (FF) of the spike counts across different
neurons at a given time (determined in 1-s time bins). These were roughly stationary during
the several minutes preceding the seizure onset. An increase in the Fano factor, reflecting
the heterogeneity in neuronal spiking, is observed around seizure onset and precedes an
increase in the mean population rate.
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Transient suppression of neuronal spiking during the seizure and at seizure termination. (a)
Spike waveforms from neuron 44–1 (participant A, seizure 1; neuron ranked no. 131 in Fig.
1c). Spiking stopped for ∼ 20 s during the initial seizure phase. The lack of major changes in
spike waveform and preceding low spiking rate suggest that suppression was not due to
sorting artifacts or depolarization block. (b) Four examples of units with similar behavior,
recorded from different sites. All five units were classified as putative principal cells. (c)
The high-pass filtered potentials recorded at electrode 44. Larger spikes correspond to unit
44–1, shown in a. Dashed vertical lines show seizure onset and termination, respectively.
White lines mark ±3 s.d. of the background noise, estimated from the ‘silent’ period after
seizure termination. Another unit with smaller extracellularly recorded action potentials
intensifies spiking during the 0.5–1.1 min interval. After seizure termination, both single-
unit and multiunit activity were suppressed and the recorded potentials correspond primarily
to background noise. Although there is some gradual decrease in spike amplitudes, this
decrease is much smaller than what would be expected from depolarization block. See
Supplementary Figure 2 for channels 32, 41, 42 and 47. (d) Projection of thresholded
waveforms onto a feature space shows clearly separable units. Blue dots represent
thresholded spikes from unit 44–1; PC1 and NE denote the first principal component and a
nonlinear energy feature, respectively. Green dots correspond to a smaller unit. Black dots
correspond to thresholded noise and unsorted multiunit spikes.
Truccolo et al. Page 13














Reproducibility of neuronal spiking modulation patterns across consecutive seizures. (a,b)
An example from participant A with 131 neurons. Following conventions used in Figure 1c,
neurons are ranked according to their mean rates measured during the seizure. Seizure 3 (b)
follows the same ranking as seizure 2 (a); that is, the single units in any given row of
seizures 2 and 3 are the same. Most neurons coarsely preserved the types of spiking rate
modulation across the two seizures. For example, the lowest-ranked neurons decreased or
stopped spiking; and many of the top-ranked neurons presented similar transient increases in
spiking rate modulation. As in seizure 1 (Fig. 1), an almost complete suppression of spiking
in the neuronal population occurred abruptly at seizure termination. (c) The corresponding
low-pass filtered local field potentials (LFPs) and spectrograms (from the same
microelectrode array channel shown in Fig. 1; power in dB). (d) The Fano factor for the
spike counts (1-s time bins) in the population of recorded neurons showed similar increase
during both seizures, reflecting the increased heterogeneity in neuronal spiking across the
population.
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Preictal and ictal modulations in spiking rates. (a) The neuronal spiking sample path N
(neuron 90–1; A2: participant A, seizure 2). The corresponding spike train is shown at the
bottom and the inset shows the mean ± 2 s.d. of all recorded spike waveforms. Seizure onset
corresponds to time 0. For comparison purposes, the initial value of the sample path is set to
0. The yellow band corresponds to the range of the 3-min-long sample paths observed
during a 30-min interictal period preceding the preictal period. Interictal sample paths in this
distribution were obtained from an overlapping 3-min-long moving time window, stepped 1
s at a time. Blue curves and surrounding yellow band correspond to the average interictal
sample path and the 95% confidence interval, respectively. A sample path was judged to
have deviated from the interictal sample paths when it fell outside the range of the collection
of interictal sample paths at any given time. (b) Neuron 90–1 transiently stopped spiking for
tens of seconds just after the seizure onset. As expected, the sample path during the seizure
did deviate from the observed interictal paths. The neuron’s spiking rate gradually recovered
and eventually settled at the typical mean rate. (c) Four examples of preictal and ictal sample
path deviations, one for each participant. Note that although the preictal and ictal sample
paths are plotted along the same axis, they refer to a 3-min period before and after,
respectively, the seizure onset.
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Preictal and ictal sample path deviations with respect to an interictal period. Each bar
indicates the percentage of preictal and ictal sample path deviations in the recorded neuronal
population, for each participant and seizure. Sample paths and sample path deviations were
defined as in Figure 4.
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